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[1] The slopes of the wavenumber spectra of sea surface height (SSH) and kinetic energy
(KE) have been used to infer “interior” or surface quasi-geostrophic (QG or SQG)
dynamics of the ocean. However, inspection of spectral slopes for altimeter SSH in the
mesoscale band of 70 to 250 km shows much flatter slopes than the QG or SQG predictions
over most of the ocean. Comparison of altimeter wavenumber spectra with spectra from an
eddy resolving global ocean circulation model (the HYbrid Coordinate Ocean Model,
HYCOM, at 1/12.5° equatorial resolution), which has embedded tides, suggests that the
flatter slopes of the altimeter SSH may arise from three possible sources: (1) presence of
strong internal tides, (2) shift of the inertial sub-range to smaller scales and (3) altimeter
noise. Artificially adding noise to the model tends to flatten the spectra for low KE regions.

Near internal tide generating regions, spectral slopes in the presence of internal waves
are much flatter than QG or SQG predictions. Separating the variability into high and
low frequency (around periods of 2 days), then a different pattern emerges with a flat
high-frequency wavenumber spectrum and a steeper low-frequency wavenumber
spectrum. For low mesoscale KE, the inertial sub-range, defined by the nearly flat enstrophy
band, moves to smaller scales and the mesoscale band of 70 to 250 km no longer represents
the inertial sub-range. The model wavenumber spectra are consistent with QG and SQG
theory when internal waves and inertial sub-range shifts are taken into consideration.
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1. Introduction

[2] Thc slopc of thc wavenumber speetrum of sca surface
height (SSH) and kinetic energy (KE) over the mcsoscalc
band has been used to infer the dynamics of geostrophic
oceanic flows. For instance, it has been argued, for quasi-
geostrophic (QG) dynamics dominated by “intcrior” poten-
tial vorticity, that the wavenumber (k) spectrum of kinetic
energy varies as k' 3 [Stammer, 1997, Le Traon et al., 2008,
Sasaki and Klein, 2012]. For gcostrophically balanced flows,
a steeper SSH spectrum varying as k™ will occur. Near
the surface, the dynamics of quasi-geostrophic flow with
uniform potential vorticity in the interior (Surface Quasi-
Geostrophy, SQG) yiclds a kinctic energy wavenumber
spectrum which is flatter varying as k>, while the SSH
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wavenumber spectrum varies as k'

2008; Sasaki and Klein, 2012].

[3] Satcllitc altimcter data [Fu and Cazenave, 2001] with
its global coverage provide a unique opportunity to estimate
SSH wavenumber spectra. However, altimeter observations
present a number of interesting difficulties. For instance,
near the ocean surface, strong ageostrophic motions due to
wind-forcing, tides and internal waves exist and can change
the spectrum of SSH and KE. The 10-day sampling period of
thc TOPEX/Poseidon and Jason altimeters implies that high-
frequency varability will be aliased into longer periods, thus
mixing high- and low-frequency signals in the altimeter data.
For stationary high frequency variability with known periods,
such as tides, it is possible to recover the aliased variability.
However, contamination of 1idal signals by mesoscale
motions makes perfect recovery of thc tides impossible
[Tierney et al., 1998; Carrére et al., 2004] and thus leaves
some tidal energy even in so-called “de-tided” altimeter data,
If the geostrophic approximation is made, the geostrophic
velocitics can be cstimated from thc SSH. However, ageos-
trophic velocities cannot be estimated from altimeter data.

[4] To investigate the impact of the ageostrophic motions
on the wavenumber spcctra of SSH and KE, wc calculate
wavcnumber spectra using the output of an eddy resolving
global ocean circulation model, the HYbrid Coordinate

[e.g., Le Traon et al.,
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Occan Model (HYCOM) [Chassignet et al., 2007, Metzger
et al., 2010] with 1/12.5° (approximately 9 km) equatorial
resolution, which is forced by the astronomical tidal poten-
tial of the Sun and Moon, as well as by atmospheric wind
and buoyancy ficlds. In the concurrent wind- and tidally-
forced HYCOM simulations [Arbic et al., 2010, 2012],
barotropic tides are predicted within the eddy resolving
occan general circulation model. The barotropic tides in tum
interact with bottom topography to generate low vertical
mode internal waves which propagate for thousands of
kilomcters from the gencrating rcgion [Ray and Miichum,
1996, 1997]. The barotropic and internal tides in the model
compare wcll with altimetric estimates [Shriver et al., 2012].

[s] In this papcr we cstimate wavenumber spectra of the
HYCOM SSH and KE fields. The impact of high-frequency
motions on wavenumber spectra is demonstrated by taking
advantage of the frequent (one hour) sampling of HYCOM
to scparatc low- from high-frequcncy motions, which is not
possiblc in the aliased altimeter data. With the model, we
can cxamine kinctic energy spectra using both total and
geostrophic velocity, which cannot be done with the altim-
etcr data. We compare the spectral slopes in our HYCOM
simulations with both predictions from the theory of SQG
and QG turbulence and with estimates made from along-
track altimeter data by Xu and Fu [2011, 2012). Xu and Fu
[2011, 2012] cstimatc the spectral slopcs over a fixed
“mcsoscale” wavelength band (70-250 km) and find the
SSH spcctral slopcs to be much flatter than the predictions of
the SQG or QG theory for much of the world ocean. Our
model has much steeper slopes for the low-frequency SSH
and KE. Three possible reasons for the differences between
our model spectra and Xu and Fu [2011, 2012] are pre-
sentcd: (1) low-modc intcrnal waves with wavclengths in the
mesoscale band, (2) lack of an inertial sub-range in the
mesoscale band and (3) altimcter noisc.

2. The Model

[6] To concurrently simulate ocean tides and circulation,
astronomical tidal forcing [Cartwright, 1999], self-attraction
and loading [Hendershort, 1972], and parameterized topo-
graphic intcrnal wave drag [Garner, 2005] have bcen added
to global HYCOM, as in Arbic et al. {2010, 2012). The
astronomical tidal forcing for thc four largest semidiurnal
constituents (Ma, S,, N, and K3) and the four largest diurnal
constituents (K, Oy, Py, and Q) is adjustcd for the defor-
mation of the solid Earth body tides [Hendershott, 1972].
The self-attraction and loading term ariscs from alterations
in thc gravitational equipotential due to the self-attraction
of the load-deformed solid Earth and the self-attraction of
the occan tides themselves [Hendershott, 1972). The self-
attraction and loading can be calculated iteratively from the
modcl tidal clevations, but, for computational simplicity, a
scalar approximation [Ray, 1998] currently is used in our
model. The topographic internal wave drag term accounts
for damping and cnergy loss due to the gcneration and
subscquent breaking of intcrnal tidcs generated by baro-
tropic tidal flow over rough topography. Topographic
internal wave drag has been introduced into many global
barotropic tide modcls, [e.g., Jayne and St. Laurent, 2001;
Egbert et al., 2004; Arbic et al., 2004], motivated by infer-
ences from satellite-altimetry constrained tide models of
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enhanced open-ocean tidal dissipation in regions of rough
topography [Egbert and Ray, 2000] and by in situ mea-
surements of enhanced energy dissipation and mixing in
such regions, [e.g., Polzin et al., 1997]. The parameterized
wave drag scheme in HYCOM is based on the atmosphcric
mountain drag scheme of Garner [2005], as implemented by
Arbic et al. [2004]. As discussed in Arbic et al. [2010], a
parameterizcd wave drag is still used in the global baroclinic
simulations, because the model generates only the low-mode
internal tides, not the higher-mode internal waves which
break and dissipate. The concurrent tide and circulation
model is still under development with frequent updates and
improvements. As a result, the simulations of this study are
not identical to those discusscd in Arbic et al. [2010].
However, thc differenccs betwcen the two scts of simula-
tions are small and of no consequence for the results pre-
sented here.

[7] The model for concurrent tides and circulation has
32 layers in the vertical direction and a nominal equatorial
horizontal resolution of 1/12.5° [Metzger et al., 2010]. The
simulation spans 2003-2010 using 3-hourly Flcet Numerical
Metcorology and Occanography Center Navy Operational
Global Atmospheric Prediction System [Rosmond et al.,
2002] atmospheric forcing with wind speeds scaled to be
consistent with QuikSCAT obscrvations [Kara er al., 2009].
The model gencratces a realistic circulation; although com-
parison to surface drifters and deep current meters shows the
modocl is deficicnt in eddy kinetic energy (EKE), being only
79% and 80% of the obscrvations at the surface and abyssal
ocean [Thoppil et al., 2011]. Snapshots of the SSH and
surface velocity are saved once per hour for this six year
period and hourly snapshots of the entire thrce-dimensional
fields are archived for two 30 day periods (Sept. 2004 and
March 2009). For this study we use the surface data for the
calendar year 2006.

3. Validation of Barotropic and Internal Tides

[8] Tidal sca surface clevations are dominated by the
barotropic tide. The barotropic tide in HYCOM captures
93.2% of the sea surface elevation variance of the eight
largest tidal constituents in a standard sct of 102 pclagic tide
gauges [Shum et al., 1997]. The barotropic tide in HYCOM
can be comparcd to altimetry-constrained barotropic shallow
water tide models. The M, surface elevation amplitudes for
HYCOM and a barotropic shallow water model which
assimilates altimetric tidal heights (TPX07.2, updated from
Egbert et al. [1994]) are shown in Figures la and 1b
respectively. Comparison of the amplitudes and phases in
Figure 1 demonstrates that the barotropic tide in HY COM is
quite realistic. When the HYCOM tides are remapped to the
TPXO grid, the RMS difference between the two models is
7.5 em, which is less than the 7.8 cm RMS difference
between HYCOM and the 102 pelagic gaugcs. The largest
difference between the HYCOM and TPXO tidal models
occurs in the Southern Ocean and North Atlantic. In the
Southern Occan, the bathymetry in the two models is very
different with HYCOM placing a solid boundary at the
floating ice shelves and TPXO replacing the floating ice
shelves with reduced depth ocean. Much more detailed
comparisons of the barotropic tides in HYCOM and TPXO
are discussed in Shriver et al. [2012].
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Figure 1. M, sea surface elevation amplitudes (m) and
phase for (a) HYCOM and (b) TPXO7.2 [Egbert et al.,
1994), a highly aceurate altimetry-constrained model of the
barotropic tides. White lines indicate phase, drawn 20° apart.

[s] Barotropic tidal currents interact with the bottom
topography in the presence of stratification to generate
internal tides whieh propagate for thousands of kilometers
away from the source regions. Although the largest internal
tide displacements occur at depth, internal tide signals at the
sca surface are large enough to be detected by satellite alti-
meters [Ray and Mitchum, 1996, 1997]. For the altimeter,
the tidal amplitudes are recovered from the aliased track data
using a response mecthod. In Figure 2 we display the results
of a 50-400 km band-pass of M; amplitudes for along-track
altimeter data with a correction for mesoscalc contamination
[Ray and Byrne, 2010] and for HYCOM interpolated along
the altimeter tracks. Band-passing removes both small-scale
noise present in the altimeter data, and large-scale barotropic
tides present in both the altimeter data and HYCOM. Hot
spots of semidiurnal internal tide generation are seen around
Hawai’i, the Philippines, the tropical south and southwest
Pacifie, and Madagascar. As Figure 2 visually demonstrates,
the strength of the internal tide in HYCOM and altimeter
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data is quite comparable near the hot spots. To bc more
quantitative, the RMS amplitudes of the semidiurnal internal
tides averaged in boxes around these hot spots agree within
9-26% [Shriver et al., 2012]. In regions of strong mesoscalc
eddies, lcakage from the eddies, which have similar length
seales and time scales near the alias frequeney of the tides,
makes an accurate estimate of the internal tidal amplitudes
from altimeter data more difficult (see, for instance, the large
amplitudes of the tides in the Gulf Stream in Figure 2a). For
the sake of brevity, similar maps for the leading diurnal
tides, K; and Oy, are not shown here, but ean be found in
Shriver et al. [2012]. We note here that a similar picture for
the diumnal internal tides emerges with good eomparison at
the hot spots. For diurnal tides mesoscale leakage in the
altimeter estimates is especially apparent poleward of 30°,
where diurnal internal waves cannot propagate.

4. Wavenumber Spectra

[10] Wavenumber spectra of SSH and KE ean be esti-
mated from the model. For the SSH and veloceity, data from
an hourly snapshot of the model are sampled in 10° by 10°
boxes. For cach box, the mean of the SSH and veloeity
components is removed and a 10% ecosine taper window
applied in both the zonal and meridional directions. A two-
dimensional periodogram is caleulated for the snapshot.
The periodograms are averaged over all the snapshots for
2006. The resultant spectrum is converted from Cartesian
wavenumbers to polar wavenumbers and averaged over
direction to produce the scalar wavenumber speetrum. For
the kinetic energy, the individual velocity component
spectra are cstimated and summed, with division by two,
to determine the kinctic encrgy spectra. Spectral slopcs
for a fixed mesoscale wavelength band of 70 to 250 km
will be estimated by least squares from the SSH and KE
wavenumber spectra, as in Le Traon et al. [2008] and Xu
and Fu [2011, 2012). We will take advantage of the fre-
quent temporal sampling of HYCOM to separate the spectra
into low- and high-frequency components. We use a 48
h eutoff to delincate between high and low frequencies. The
high-frequeney component, which is dominated by internal
waves and tides, may be considered as noise, if one is
interested primarily in the spectra of low-frequency geo-
strophic motions. Of interest as well is whether the spectral
slopes of the full velocity field, which includes ageostrophic
motions, are greatly different from slopes for the geo-
strophic velocity estimated from the SSH assuming a geo-
strophie balance.

[11] 1n Figures 3a and 3b we display the HYCOM wave-
number spectra of SSH from the Gulf Stream (35°N, 305°E)
and Kuroshio (35°N, 155°E), both high EKE regions. The
eddies are so energetie in these regions that the estimation of
spectral slopes in the mesoscale band is virtually unaffected
by the presence of high-frequency motions such as tides;
note the near-overlap of the blue (low-frequeney) and black
(total) SSH spectra in the figures. The least squares SSH
slopc over the fixed mesoseale band is —4.0 + 0.5 in the
Gulf Stream region, which is very close to predictions of
SQG turbulence and consistent with results in Le Traon
et al. [2008] and Sasaki and Klein [2012]. The least squares
SSH slope is —4.4 + 0.4 in the Kuroshio, which lies between
the predictions of SQG and QG turbulence. Both regions
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(a) Along-track satellite altimeter data
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Figure 2. Internal tide signature in M, sea surfacc elevation amplitudes (cm) in (a) along-track altimeter
data [Ray and Mitchum, 1996, 1997; Ray and Byrne, 2010] and in (b) HYCOM. The internal tide signature
is determined from band-passing 50400 km wavelengths in the M, sea surface elevations; absolute
valucs of the band-passed results are shown. Boxcs indicatc regions over which wavenumber spectra

are computed in Figures 3-S.

show slopes flatter than predictions of QG turbulence, again,
consistent with results in Le Traon et al. [2008] and Sasaki
and Klein [2012]. For the high frequency motions a peak
around 160 km (6 x 107 cpm), the expected wavelength of
a first baroclinic mode M, internal wave, is observed, but it is
much weaker than the low frequency SSH at the same
wavelengths.

[12] In Figure 4 we display the spectrum of kinetic energy
in the Kuroshio region (35°N, 155°E). The —2.5 + 0.4 slope
of the spectrum of the total KE (Figure 4a) falls between the
SQG and QG slope prediction, while the slope of the low
frequency KE is slightly steeper at —2.7 & 0.4. With KE as
with SSH, the high frequency spectrum in the Kuroshio
region is much weaker than the low frequency spectrum. As
can be scen in Figure 4b, for high EKE regions such as
the Kuroshio, the KE estimated from the SSH, assuming

geostrophy and isotropy for the low frequency height and
velocity, compares well in the mesoscale band with actual
KE spectrum obtained from the surface velocity. The major
differences occur at long wavelengths where the total KE is
greater and short wavelengths where the isotropic geo-
strophic KE is greater.

[13] A very different picture emerges in regions where
internal tide activity is strong and mesoscale eddy activity is
weak. In Figure 5, we display wavenumber spectra in the
three regions in the intcrior of the Pacific (away from
western boundary currents) shown in Figure 2b. North of
Hawai’i (25°N, 210°E), a hot spot for internal tide genera-
tion, the high frequency SSH variance exceeds the low fre-
quency variance for the mesoscale band (Figure Sa). A peak
associated with the first mode baroclinic M, tide is clearly
visible around 160 km. The slope of the SSH wavenumber
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Figure 3. Wavenumber spectrum of sea surface height in
high EKE regions of (a) thc Gulf Stream (35°N, 305°E)
and (b) the Kuroshio (35°N, 155°E) from the marked boxes
in Figure 2b. Spectra of total (black), low frequency (bluc),
and high frequeney (red) SSH are shown. In this figure, as
in the rest of this paper, the mesoscale band is defined from
70 to 250 km as in Xu and Fu [2011]. In this band the least
squares slopes of the total SSH spectra for the mesoscale
band ar¢c —4.0 + 0.5 and —4.4 + 0.4 in the Gulf Stream
and Kuroshio, respectively.

spectrum for the fixed mesoscale band is —2.8 & 0.4, when
the internal waves are included, but the slope of the low
frequency height is steeper at —4.4 + 0.2, falling between
the predictions from SQG and QG turbulence. Similar
results arc obtained for the KE (not shown), where the slope
steepens from —0.9 &+ 0.2 for the total KE to —2.4 + 0.2 for
the low frequency KE. Thus, when internal waves are
removed, the slope of both SSH and KE falls between the
predicted QG and SQG turbulence slope. In the Northeast
Pacific (35°N, 230°E, Figure 5c), the high and low fre-
quency SSH variance are nearly the same with the slope of
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the total SSH flatter than the low frequency SSH slope at
—2.9 + 0.8 and —3.5 + 0.4, respectively, the latter being
slightly less than the SQG slope. In the Southeast Pacific
(35°S, 265°E, Figure 5e), where the high frequency SSH
variance is very weak, thc SSH spectral slopes are flatter
than the SQG expectation of —11/3 at —2.7 + 0.4 for both
the total SSH and low frequency SSH.

[14] For QG and SQG turbulence, the shape of the spectra
is determined by the energy and enstrophy cascades over an
inertial sub-range. QG theory assumes baroclinic energy is
input into the ocean at large mesoscales and cascades toward
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Figure 4. Wavcnumber spectrum of kinetic energy in
Kuroshio region (35°N, 150°E). (a) Spectra of KE com-
puted from model velocities, including ageostrophic and
geostrophic flows, and divided into total (black), low fre-
quency (blue), and high frequency (red) components. The
least squares slope of total KE in the mesoscale band is
—2.3 £ 0.3, while the slope of thc low frequency KE is
slightly steeper at —2.5 + 0.4. (b) Wavenumber spectra
computed from model velocities (black) and from SSH
assuming geostrophy and isotropy (red) are nearly identical
in the mesoscale band (70-250 km) with the isotropic geo-
strophic KE less at long wavelengths and greater at short
wavelengths.
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Figure 5. Wavenumber speetrum of sea surface height and enstrophy in three interior Pacific, lower EKE
boxes shown in Figure 2: (a, b) region north of Hawai’i (25°N, 210°E), (¢, d) Northeast Pacific region
(35°N, 230°E), and (e, f) Southeast Pacific region (35°S, 265°E). The spectra of total SSH (black), low
frequency SSH (blue), and high frequency SSH (red) are shown in the left hand panels. The enstrophy
spectra from the low frequeney vortieity (black), the isotropic vorticity estimated from the low frequency
kinetie energy (blue) and the isotropic vortieity estimated from the low frequency SSH (red) are shown in
the right hand panels. Notice the shift in the enstrophy toward shorter wavelength as the EKE level

decreases.

the Rossby radius, where the baroelinie flow is transferred
to the barotropie mode and an inverse eascade of energy to
large scales oeeurs [Salmon, 1980]. Enstrophy cascades to
small seales. For QG turbulence, while the KE spectrum
decreases steeply with wavenumber, the enstrophy spectrum
is much flatter varying as k~'. For SQG turbulence, where
frontogenesis near the boundary dominates, the enstrophy
speetrum increases slightly with wavenumber. The enstro-
phy speetra in the low EKE regions of the Pacific
(Figures 5b, 5d, and 5f) all exhibit relatively flat spectra fora

limited range of wavenumbers, falling between the expec-
tations of the QG and SQG theory. Over this limited range,
the isotropic, geostrophic enstrophy speetral estimates
obtained from the KE and SSH spectra are similar to the
spectra obtained from the vorticity of the low frequency
velocity. The isotropic estimates are smaller at small wave-
numbers than the enstrophy from the low-frequeney veloeity
with a broad, weak maximum before a steep decrease with
increasing wavenumber. As the EKE decreases from
Figure 5b to Figure 5f, the wavenumber band of the broad
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Figure 6. Slope of the noise-corrected along track satellite
altimeter SSH wavenumber spectrum in the North Pacific
for a 70-250 km band, adapted from Xu and Fu [2012].
All slopes multiplied by —1 to make them positive. Slopes
flatter than —11/3 (colors coolers than the enhanced dark
contour) represent regions inconsistent with QG or SQG
theory.

maximum shifts to large wavenumbers (smaller scales). 1f
we use the broad maximum of the enstrophy spectrum as an
indicator of the inertial sub-range, then we can recalculate
the SSH and KE slopes over the new wavenumber band
rather than the fixed 70-250 km band used by Xu and Fu
2011, 2012]). North of Hawai'i (25°N, 210°E, Figures Sa
and 5b), the slopes remain unchanged as the fixed band is
contained within the new sub-range. In the Northeast Pacific
(35°N, 230°E, Figures Sc and 5d), the low-frequency
SSH slope steepens from —3.5 + 0.4 over the fixed band to
—4.9 £ 0.4 over the new inertial sub-range of 50-150 km.
Similarly, the low-frequency KE slope stecpens from
—1.9 + 0.3 over the fixed band to —3.2 £ 0.3 for the shifted
sub-range. In the Southeast Pacifie (35°S, 265°E, Figures Se
and 5f), the EKE is even lower and the inertial sub-range is
shifted to even smaller scales, approximately 33-125 km.
The low-frequency SSH slope steepens from —2.7 + 0.4 for
the fixed band to —3.8 £ 0.2 over the necw sub-range, while
the low-frequency KE slope steepens from —1.5 + 0.2 to
—2.1 £+ 0.1. Based upon the shifted inertial sub-ranges, the
low-frequency SSH and KE slopes fall between the expec-
tations of SQG and QG turbulence.

[15] Next we display maps of spectral slopes for 50%
overlapping 10° by 10° boxes in the North Pacific Ocean
from thc HYCOM simulation with tides. For the sake of
comparison, we first show, in Figure 6, the slope of the SSH
wavenumber spectrum in the Pacific Ocean, computed from
along track altimeter data with the altimeter noise correction
of Xu and Fu [2012]. As they noted, the wavenumber slopes
nearly equal those predicted by SQG turbulence (—11/3) in
high eddy energy regions such as western boundary currents,
but for most of the Pacific Ocean the spectral slopes are
much flatter than —11/3. In Figure 6, the —11/3 slope con-
tour is thickened to distinguish the type 1 and 2 regions of
Xu and Fu [2011, 2012] as colors warmer than dark orange
with slopes equal or greater than expeeted for SQG tur-
bulence and type 3 and 4 regions with colors cooler than
light orange and slopes less than QG or SQG turbulence.
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A similar map for the HYCOM SSH (Figure 7a) has much
steeper slopes than the noise-corrected altimeter slopes,
exceeding —11/3 for most of the Pacific Ocean. However, in
the subtropics north of Hawai’i, subpolar western North
Pacific and eastern South Pacifie, the HYCOM spectral
slopes are mueh flatter than HYCOM slopes in the rest of the
Pacific. The map for the HYCOM KE (Figure 8a) is similar
with slopes steeper than —5/3 for most of the Paeific Ocean,
except for the subtropics north of Hawai’i and subpolar
North and South Pacific. The Hawaiian Islands are a hot spot
of generation of internal tides. In the spectra shown in
Figure Sa, the high frequency motions dominatc the SSH
spectrum, but the low frequeney SSH spectrum has a much
steeper slope. Maps of the low-passed HYCOM SSH
(Figure 7b) and KE (Figure 8b) spectral slopes show an
increase in slope over the entire Pacific Ocean compared to

Mesoscale SSH slope

-y

Longitude

Figure 7. Least squares estimate of the slope of the SSH
wavenumber spectrum in the North Pacific, computed over
a 70-250 km band in HYCOM. Slopes are computed from
spectra of (a) total SSH and (b) low frequency SSH. As in
Figure 6, all slopes are multiplied by —1 to make them
positive.
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Figure 8. Least squares estimate of the slope of the KE
wavenumber spectrum in the North Pacific, computed over
a 70-250 km band in HYCOM. Slopes arc computed from
spectra of (a) total KE and (b) low frequency KE. As in
Figure 6 and 7, all slopes are multiplied by —1 to make them
positive.

maps made from the total (high- plus low-frequency quan-
tities (Figures 7a and 8a). However, we still find regions
with slopes much flatter than expected for either QG or
SQG turbulence. Also, there are regions where the low-
frequency slopes are not significantly different from the
slopes based upon the total SSH and KE. These regions
tend to be areas with weak EKE in the general circulation.
The flatter slopes in such regions may be an artifact arising
from the estimation of the slope across a fixed wavenumber
band. As noted for Figure 5, as the EKE decreases, the
broad maximum of the enstrophy spectrum shifts to smaller
scalcs. Estimating the spectral slopes over the shifted sub-
range stecpen the slopes. Additionally, the length scales of
eddies change with latitude [Stammer, 1997]. Thus, the
wavenumber band chosen in Xu and Fu [2011] and which is
followed here for computing slopes is not dynamically
equivalent across all latitudes.
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[16] Becausc the broad maximum of the enstrophy spec-
trum in regions of low EKE shifts to smaller scales than the
fixed 70-250 km band, the 70-250 km wavelength band
chosen, in Xu and Fu [2011, 2012] and here, to compute
slopes over does not always lie in a cascade dominated
regime. To characterize the potential shift in the inertial sub-
range, we calculate the peak of the broad maximum of the
enstrophy spectrum. For the broad enstrophy maximum, the
estimates from the low-frequency vorticity and the isotropic,
geostrophic estimates from the KE and SSH are similar
(Figures 5b, 5d, and 5f), but the maximum is casier to sec in
the geostrophic estimates. Thus, the peak vorticity scale
defined as the wavelength of the maximum of the enstrophy
spectrum, shown in Figure 9, is calculated using the isotro-
pic, geostrophic vorticity estimate derived from the KE
spectrum. All regions with spectral slopes less than the
predicted SQG slope for the low-frequency SSH and KE in
Figures 7b and 8b are rcgions where the pecak of the
enstrophy spectrum occurs at scales less than 100 km. Sasaki
and Klein [2012] point out the importance of the difference
of the wavenumber of thc peak of the relative vorticity
speetrum compared to the peak of the energy spectrum. For
the low EKE Northeast Pacific region (Figure 5d), the peak
of the enstrophy spectrum is near 120 km, while the peak in
the energy spectrum is at much longer wavelengths, near
300 km. In the even weaker EKE Southeast Pacific
(Figure 5f), the shift in the peak of the enstrophy spectrum to
shorter wavelengths is even more pronounced. Thus the
70-250 km mcsoscalc band docs not span the cascading
regime for all locations.

5. Why Do the Slope Maps Between the Model
and the Altimeter Differ So Much?

[17] The altimeter SSH wavenumber spectral slopes differ
substantially from the model spectral slopes and the predic-
tions of QG and SQG turbulence theory for most of the

Peak Vorticity Scale

200
Longitude

Figure 9. Map of the peak vorticity scale (km) in
HYCOM, uscd as a proxy to show the shift of the incrtial
sub-range to smaller scales with decreasing eddy kinetic

energy.
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Figure 10. Impact of noise on the estimation of wave-
number spectral slopes for along-track altimeter SSH
(Track 17) and model SSH spectra at 10°S, 260°E. For
the model, wavenumber spectra of the total (blue), high
frequency (cyan) and low frequency (red) SSH are com-
pared to the observed altimeter SSH in black and the noise
corrected altimeter (green). If the altimeter noise is added
to the spectrum of HYCOM SSH (magenta), the resulting
spectrum is comparable to the spectrum of altimeter SSH
(black). Similarly, the noise corrected altimeter (green) is
comparable to the model total SSH (blue).

Pacific Ocean. There are a number of possible reasons for
the differences. Internal waves have a flat wavenumber
speetrum which, when combined with the low-frequency
SSH or velocity, leads to a flattening of the spectral slopes
over the fixed mesoscale band. The degree of flattening
depends upon the relative strength of the high-frequency
internal wave to QG motion. In addition, the difference
between the model and altimeter spectral slope maps may be
an artifact of the estimation over a fixed mesoscalc band,
which does not account for changes in the Rossby radius
with latitude and shifts in the inertial sub-range with EKE.
[18] The model spectra decay rapidly with increasing
wavenumber, while the altimeter spectra are flat at high
wavenumber (altimeter track 17 centered on 10°S, 260°E,
black line in Figure 10). The flat high wavenumber tail of the
altimeter spectrum may represent the noise floor for the
altimeter as pointed out by Le Traon et al. [2008] and Xu
and Fu [2012). Adding whitc noise comparable to the
altimeter noise floor to the model SSH yields a spectrum
which is very similar to the observed altimeter SSH
(magenta line in Figure 10). Similarly, removing the noise
floor from the altimeter spectrum yields a spectrum similar
to the model total SSH (green line in Figure 10). Even cor-
recting for the altimeter noise doesn’t steepen the spectrum
as much as low-passing the model SSH does (red line in
Figure 10). In the high EKE regions, the energy in the
mcsoscale band is much greater than the noise floor and the
spectral slope lies between the prediction of QG and SQG
turbulence theory, while the noise flattens the spectral slope
in lower EKE regions. Thus, the difference between the
model and altimeter spectral slope estimates may have both

RICHMAN ET AL.: DYNAMICS FROM MODEL WAVENUMBER SPECTRA

C12012

dynamical causes due to internal waves and the char-
acteristics of the energy and enstrophy cascades as well as
instrumental causes.

6. Implications for Wide-Swath Satellite
Altimetry

[19] Internal tides have significant encrgy at mesoscale
wavelengths. Because internal tides are aliased by the long
repeat sampling times of altimeters, a wide swath altimeter
[Fu and Ferrari, 2008; Fu et al., 2012], like current gener-
ation nadir altimeters, will have some difficulty distin-
guishing between long internal tides and mesoscale eddies.

[20) The SSH field observed by a wide swath altimeter
will contain variability from both mesoscale eddies and low-
mode internal tides. Depending upon the relative strength of
the internal tides and mesoscale eddies, the SSH field may
be dominated by either class of motion. Since the low-mode
intcrnal tides have similar length scales as mcsoscale eddies,
the two classes of motion cannot be separated in a single
snapshot. Using multiple snapshots, it may be possible to
separate the geostrophic height field from the internal tides.

[21] Ray and Zaron [2011] found that the low mode
internal tides are nearly stationary over much of the ocean.
Analysis of the model SSH shows that the internal tides
fluctuate by only 0.2 cm RMS over much of the tropical and
midlatitude oceans. Thus it may be possible to extract the
stationary tides from the instantaneous height maps to
reducc thc impact of the internal tides on estimates of
spectral slopes duc to low-frequency motions.

[22] The dynamics of the upper ocean cannot be inferred
from wavenumber slope of the SSH of velocity without
paying close attention to the scales of the peaks of the energy
and enstrophy spectra. The assumption of isotropy and
geostrophy does yield consistent spectra for kinetic energy
and enstrophy for the low-frequency flow.

7. Summary and Discussion

[23] In this paper we have computed wavenumber spectra
in the mesoscale band of 70-250 km from new HYCOM
runs which concurrently simulate the eddying general cir-
culation, barotropic tides, and baroclinic (internal) tides
[Arbic et al., 2010, 2012]. We are motivated by recent dis-
cussions of the wavenumber spectra of sca surface height
and veloeity predicted by SQG versus QG turbulence, the
likclihood that the planned wide-swath satcllitc altimeter
will measure these spectra much better than current gencra-
tion nadir altimeters, and the certainty that aliasing of internal
tidal motions will affect spectra computed from wide-swath
as well as current generation nadir altimeters.

[24] When the wavenumber spectra of SSH and KE are
estimated near the generating regions of internal tides, the
resulting spectra are much flatter than the expectations of QG
or SQG theory. This shows that in locations of energetic
internal tides, the slope of the SSH or KE wavenumber
spectrum in the mesoscale band cannot be used to infer the
ocean dynamics unless the internal tides are accurately
removed. For the HYCOM simulations with embedded tides,
we can usc the frequent (one-hour) sampling to separatc
high- and low-frequency motions more cleanly than is pos-
sible in altimeter data. If the height and velocity variability
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are separated into low frequency (periods greater than 48 h)
and high frequency (periods less than a day), then a differ-
ent pattern emerges with a flat wavenumber spectrum at
high frequency and a steeper wavenumber spectrum at low
frequcncy. Away from generating regions, in locations
where thc internal waves are weaker than the QG flow, then
the high frequency motions have little impact on the
wavenumber spectrum. The global pattern of the slope of
the mesoscale wavenumber spectrum, while showing
regions of small, flatter slopes, does not agree quantitatively
with the recent results of Xu and Fu [2011] for the along
track SSH wavenumber spectrum, which show very flat
slopes away from regions of energetic eddies. Recently, Xu
and Fu [2012] have recomputed their speetral slopes after
aceounting for noise, and have obtained less flat results,
closer to results shown here and Sasaki and Klein [2012]
than their original results. Low-passing the SSH and veloc-
ity yields spcctra which lie between the expected slopes for
Quasi-Geostrophic (QG) turbulence and Surface Quasi-
Geostrophic (SQG) turbulence. Even after removing the
internal wave signal from the SSH and velocity, the spectral
slopes can be flattcr than either the QG or SQG predicted
slope when estimated using a fixed mesoscale band. Altim-
eter noise affects the slope in the quieter mesoscale regions,
which may explain differences between the model and
altimeter spcctra in some regions, for instance the tropics.

[25] The results of the HYCOM simulations with embed-
ded tides presented here have alrcady been used in the
planning of AiIrSWOT, an airborne campaign to test the
technology of the wide-swath altimeter. We showed that in
our mode! the low-frequency motions dominate the wave-
numbcr spectra in the planned AirSWOT campaign regions
off of California and the Mediterrancan coast. This suggests
that tides will not significantly contaminate the signals in
those campaigns, which will not run long enough to extract
tides via harmonic analysis (E. Rodriguez, personal com-
munication, 2011).

[26] Determining whether QG or SQG dynamics govern
the upper ocean requires an evaluation of the cnergy and
enstrophy cascadcs in addition to the shape of the wave-
number spectra. Regions with flat spectral slopes, even after
low-passing, tend to be regions with low EKE and peak
vorticity at small scales, meaning that the cascade of
enstrophy to still smaller scales lies outside the 70-250 km
band chosen for computing slopes in Xu and Fu [2011,
2012] and in this study. A similar point has been made in
Sasaki and Klein [2012]. The model resolution may not be
adequate to characterize thc small scale dynamics of the
upper ocean. Sasaki and Klein {2012] find a forward energy
cascade for scales smaller than 30 km in low EKE regions
(sce thcir Figure 7), which suggests submesoscale dynamics
may be important. Thoppil et al. [2011] find the EKE in the
1/12.5° model to be deficient relative to surface drifters,
while the 1/25° model was much ecloscr to the observations
at all depths. Lévy et al. [2012] find a similar result in an
idealized rcsolution study, wherc the 1/9° modcl has a
steeper spectral slope and decrcased encrgy at scales smaller
than 70 km compared to 1/27° and 1/54° resolution simu-
lations. A new simulation with doubled horizontal resolution
and incrcascd vertical resolution along with improvements
to the topographie drag and boundary conditions is planned,
but the cost and size of this calculation make further analysis
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beyond the scope of this paper. Klein et al. [2008] notc that
some of the local spectral relationships between KE, SSH
and density are found in regions where the Rossby number is
large and SQG dynamics should not dominate. Thus, the
existence of QG or SQG turbulent equilibria may not be
confirmed from the spectral slopes, but requires a deeper
investigation into the model dynamics.
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